More recently, water quality computer models have been used to predict the risk of contamination of water Water resources protection from nitrate nitrogen (NO 3 -N) contamresources by agricultural chemicals from cropping sysination is an important public concern and a major national environtems. However, only a few efforts have been directed mental issue. The abilities of the SOIL-SOILN model to simulate water drainage and nitrate N fluxes from orchardgrass (Dactylis glotoward testing and evaluating these models for grazed merata L.) were evaluated using data from a 3-yr field experiment.
1987), NLEAP (Shaffer et al., 1991) , SOIL-SOILN inaccuracy in the simulation results for the control and feces treat- (Bergstrom et al., 1991; Jansson, 1991; Eckerson et al., of these models under various cropping systems, soils, and weather conditions has also received increasing attention over the past decade (Pennell et al., 1990; Kha- N itrate nitrogen (NO 3 -N) levels in ground and surkural and Robert, 1993; Jabro et al., 1998 Jabro et al., , 1999 . face waters of agricultural lands have increased
In this work, the accuracy of Version 9.1 of the SOILover the past four decades as a result of increases in SOILN (Eckerson et al., 1996) model was evaluated by the use of fertilizers and manure. Regions with wellcomparison of field-measured and simulated results of drained soils and high nitrogen inputs have the highest water drainage flux and NO 3 -N transport from an expernitrate levels in the water supply. Contamination of iment conducted on a Hagerstown silt loam soil. Three drinking water with nitrate from grazed pasture systems years of field data were collected from intact soil core as a result of the high concentration of nitrogen (N) lysimeters where urine or feces were applied using anireturned to the soil in the excreta of grazing animals mal deposition criteria to fertilized orchardgrass sod. has been a major environmental concern and possible human health risk in many parts of the world (Ball and MATERIALS AND METHODS Ryden, 1984; Haigh and White, 1986; Steenvoorden et Leaching Experiment and Treatments al., 1986; Roberts, 1987; Owens et al., 1992 Owens et al., , 1999 . These preceding pasture studies have reported that NO 3 -N The soil used in the study is classified as a Hagerstown levels in ground water are often greater that 10 mg L Ϫ1 silt loam developed in limestone residuum parent material.
(above the maximum USEPA contamination limit for Selected data on soil physical and hydraulic properties used public drinking water) when more than than 100 kg N in model simulations are listed in Table 1 .
The nitrate leaching experiment was initiated in fall 1992 to ha Ϫ1 yr Ϫ1 is applied to grazed grasslands.
measure NO 3 -N fluxes from N-fertilized orchardgrass pasture using intact soil core lysimeters (Moyer et al., 1996) . Twenty- water collections were needed, or during winter, when the soil was frozen. Total water amounts were then measured and Published in J. Environ. Qual. 30:584-589 (2001) . ha Ϫ1 divided into two equal applications were applied between 9 June and 12 July). Dates and N rates from urine and feces samples were analyzed for NO 3 -N using an automated Cd applications are given in Table 2a . The application rates were reduction method (USEPA, 1979) . More details regarding selected to assure that N was not a limiting factor for plant lysimeters are given in Moyer et al. (1996) and Jabro et al.
584
growth (Noller and Rhykerd, 1974). (1997) .
The feces and urine used for the lysimeters were collected The N fertilizer treatments consisted of a control, a urine from lactating Holstein dairy cows grazing the pasture. The application in the spring, a urine application in the summer, chemical analyses of urine and feces are reported in Table  a urine application in the fall, and a feces application in the 2b. Each lysimeter urine treatment received 3 L and each summer. Each of these five treatments also received 280 kg feces treatment received 2 kg, the average amounts produced N ha Ϫ1 as ammonium nitrate split into five equal applications by mature cows per excretion (Petersen et al., 1956) . Animal in 1993. In 1994, each treatment received 220 kg N ha Ϫ1 as urine and feces were collected on the same day as, or one ammonium nitrate (168 kg N ha Ϫ1 divided into three equal or two days prior to, lysimeter applications. In cases where applications were applied between 11 April and 16 May; 52 kg collections were not made on the same day as application, N ha Ϫ1 divided into two equal applications were applied on the urine and/or feces were stored at 4ЊC until the day of 16 June and 16 August). In 1995, each treatment received application. Applications were made in a manner that simu-194 kg N ha Ϫ1 as ammonium nitrate (86 kg N ha Ϫ1 were applied lated animal deposition (i.e., merely dropped or poured near on 11 April; 56 kg N ha Ϫ1 were applied on 1 May; 52 kg N the center of the lysimeter surface). All treatments were replicated five times. Two lysimeters were eliminated, one under urine application in the spring and the other under urine application in the summer, because they did not produce any leachate during the course of the study. Presumably, these two lysimeters did not function properly due to a leak in the connecting tubes.
Plots were harvested seven times during the growing season in both 1993 and 1994 with 2-to 6-wk intervals between harvests. In the 1995 growing season, plots were harvested five times with 4-to 6-wk intervals between harvests. The grass within the lysimeter was clipped manually to a height of 70 to 100 mm and removed in conjunction with grazing of the paddocks to determine the extent of plant N uptake and forage dry matter (Jabro et al., 1997 (Jabro et al., , 1998 .
Model Description
SOIL and SOILN are coupled mathematical field-scale models that simulate water and heat transport, N dynamics, and biomass production in a layered soil (Johnsson et al., 1987; Eckersten and Jansson, 1991; Jansson, 1991) . The SOIL model predicts water and heat flow between layers in a onedimensional soil profile. Standard weather data, soil physical and hydraulic properties, and plant characteristics are used as driving variables and inputs for the SOIL model. The water and continuing through March of the following year for both and heat flow are based on two coupled differential equations 1994-1995 and 1995-1996 . The simulated water flow and mass derived from Darcy's and Fourier's equations, respectively, of NO 3 -N leached were compared with the mean of replicated in a vertical soil profile. Soil hydraulic properties are described field data collected from the lysimeters for each year. by the water retention characteristics curve in the form pro-
The SOIL-SOILN model was previously calibrated using posed by Brooks and Corey (1964) , and the unsaturated hy-1989-1990 water drainage and nitrate leaching data for the draulic conductivity function based on Mualem's equation control, N-fertilized, and manure treatments under corn fields (Mualem, 1976) .
on Hagerstown soils in central Pennsylvania (Jabro et al., The SOILN model simulates the daily N and C fluxes in 1999). The calibrated soil and N transformation rate constant agricultural systems, including plant growth and N uptake.
parameters developed from the N-fertilized and manure treatThe SOIL model supplies driving variables in SOILN. The ments from a previous study on similar soils under corn were model simulates N transformations as functions of soil water used to test the model for 1993-1994, 1994-1995, and 1995-content and temperature, N leaching, and plant N uptake. 1996 water drainage fluxes and nitrate losses from orchardThe soil profile is divided into layers, each of which includes grass pasture. inorganic and organic pools. The inorganic N pools are nitrate
The N transformation rate constants determined through and ammonium. The organic N pools are divided into a litter the calibration process for the corn N-fertilized (inorganic pool consisting of undecomposed materials, a humus pool fertilizer) treatments were applied to control and urine treatconsisting of stabilized decomposed material, and a manurements, while the rate constants for manured corn were applied derived feces pool. The N dynamics of litter and feces depend to the feces treatment (Table 3 ). on C dynamics of the pools. Further information regarding the SOIL-SOILN model, equations, and estimation of the parameters is given in Jansson (1991) and Eckersten et al. (1996) .
Statistical Model Simulative Performance
Evaluation of the SOIL-SOILN performance and accuracy to simulate total water drainage and NO 3 -N leaching during
Modeling and Model Execution
each year was assessed using two statistical procedures. Simple linear equations were generated from the regression analysis The SOIL-SOILN model requires a manageable input of of simulated and measured monthly values of each year using soil physical, hydraulic, and chemical characteristics for each the SAS regression procedure (SAS Institute, 1999) . A test layer or horizon; soil nitrogen transformation components and of the null hypothesis of an intercept of zero, a slope equal their rate constants; weather and hydrological data; and crop to one, and coefficient of determination (R 2 ) were used as and management information for the site. The climate data a measure of degree of association between simulated and for each year were collected at a weather station established measured values. Model predictions were also assumed to be at the site. Monthly precipitation distribution for 1993 through accurate if the predicted water flow and NO 3 -N leached values 1996 is given in Fig. 2 .
fell within the 95% confidence intervals (two standard errors The SOIL-SOILN was run for each of the three years of the mean) of the measured data (Loague and Green, 1991; with simulation periods beginning in May 1993 and continuing through March 1994 for 1993-1994 and in April of one year Smith et al., 1996) . applied to the 1993-1994, 1994-1995, and 1995-1996 The statistical results analysis in Table 5 showed that the two control treatments in 1993-1994 and 1995-1996, C to N ratios of roots 25
and the feces summer treatment in all three years ( Table   Denitrification potential On the other hand, the model was also able to successThe SOIL water drainage simulations for 1993-1994, fully simulate annual NO 3 -N leached for the control and 1994-1995, and 1995-1996 were compared with the averother treatments (except the feces summer treatment in age of the 23 lysimeters of measured water flow below 1994-1995), as indicated by regression parameter (interthe 1-m depth using two statistical measures (Table 4) . cept and slope) values that were not significantly differThe statistical results for drainage fluxes for these three ent from zero and one, respectively. Meanwhile, annual years are given in Table 4 . The intercept and slope of simulations of NO 3 -N fluxes fell within the 95% confilinear regression were not significantly different from dence interval of the measured data (Table 5) . zero and one, respectively. Furthermore, the model anDespite the statistical fit between the simulated and nual predictions of water flow fell within 95% confimeasured values, the model showed a tendency to undence intervals (two standard errors of the mean of the measured values, 2SE). The statistical analyses reported Table 4 age losses below the 1-m depth in these three years
1993-1994
( 1993-1994, 1994-1995, and 1995-1996) under orchard- ‡ N ϭ number of measurements.
derestimate the annual NO 3 -N leached below the rootBased on these modeling results and those found by Jabro et al. (1999) , the N transformations algorithm ing zone of orchardgrass in all six control and feces treatments and seven of the urine treatments (13 cases probably requires modification to accommodate these type of conditions, where feces and manure amendout of 15). There was no obvious reason for this model underestimation of NO 3 -N losses under these condiments are applied. tions. These underestimations were in agreement with results found by Jabro et al. (1999) Recent work has shown that a significant portion of the total loss
In Finland, the production of arable crops is concen- Cs by a factor of about two relative to (1995) and Turtola (1999) also measured high P and the surface soils. Our results show that desorbable PP derived from sediment concentrations in drainflow, comparable with topsoil may be as important a contributor to potentially algal-available those in surface runoff. Recently, attention has increas-P as DRP in both surface and subsurface runoff from clayey soils. ingly focused on subsurface drainage flow as a contributor to the P load from agricultural fields and pastures (Øygarden et al., 1997; Laubel et al., 1999; Hooda et S ince the 1970s, the point-source P load on Finnish al., 1999). watercourses has been decreasing due to effective Water quality monitoring usually only involves analywastewater treatment by municipalities and industry.
ses of DRP and/or TP. When the bulk of the P in runoff As a result, the main contributor of P to surface waters comprises PP, TP is a poor predictor of the algal-availis now the P load from nonpoint sources (Rekolainen, able P load since algae take up only orthophosphate 1993). To improve the quality of surface waters, the and desorbable PP (Ekholm, 1998) . A large part of the P load from agricultural areas should be significantly P in surface runoff and subsurface drainflow from clayey reduced, since the deterioration in surface water quality soils is transported by suspended soil material (Turtola and Paajanen, 1995; Heathwaite and Johnes, 1996;  
